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Abstract暋PenguinandskuainthemaritimeAntarctichavehighsaltloadingsin
thebodyduetoalmostexclusivedietconsumptionofmarineinvertebrates.How灢
ever,thestorageandturnoverofsodiumandpotassiumintheseanimalsare
poorlyinvestigated.Herewedeterminedtheconcentrationandmicroscopicdis灢
tributionofthetwoelementsinthebonesofpenguinandskua.Theaveragecon灢
centrationsofsodiumandpotassiuminpenguinbonewerecomparablewiththat
inskuabone(0.18%and0.82%forpenguinbone;0.19%and0.76%forskua
boneindryweight).Theratiosofsodiumtocalciumandpotassiumtocalcium
(0.0330and0.0075forpenguin,0.0335and0.0082forskuainaverageby
weight)weresomewhathigherthanthereportedratiosforterrestrialanimals,
indicatingthesemarineanimals暞boneenrichmentofsalt.Theratiosofsodiumto
potassiuminaveragebyweightwere6.75and4.65forpenguinandskua,re灢
spectively.Thisvalueismuchlowercomparedwiththebulkseawaterratioofa灢
bout27.0,implyingthatpotassiumisfavorabletoresideintheboneratherthan
sodium.Bothsodiumandpotassium werefoundtosignificantcorrelationwith
thecontentoforganicmaterialsinbonebasedupontheintensityofnativesignal
determinedbyelectronparamagneticresonance(EPR).Itwasestimatedthatal灢
mostallofpotassiumiskeptwithintheorganicphases,whileabout30%ofsodi灢
umisstoredinorganicphasesandtheother70% withinmineralphase.Themi灢
croscopicdistributionsofpotassiuminthecross灢sectionand/orsurfacewerere灢
vealedbysynchrotronradiationX灢rayfluorescence(SR灢XRF)technique.Thera灢
tioofpotassiumtocalciumbasedupontheSR灢XRFintensitycountervariedcon灢
siderablyfromthesurfacetotheinterior,andonthesurfacethehighestconcen灢
trationofpotassiumwasobservedinthemiddlesectionwithdecreasingamounts
towardtheedge.Thisindirectlydocumentedthatexchangeofpotassiumbetween
fluidandboneorganicphasemaybeoccur.
Keywords暋 bone;penguinandskua;sodiumandpotassium;electronparamag灢
neticresonance(EPR);synchrotronradiationX灢rayfluorescence(SR灢XRF).



1暋Introduction

Rankinetal.(2000)investigatedtheioniccompositioninthesnowsamples
takenatvariousdistancesfromtheemperorpenguin(Aptenodytesforsteri)colony
nearHalleystationinthemaritimeAntarcticandfoundextremelyhighpotassium
concentrationsinandaroundthecolonies[1].Theincreasedpotassiumwasascribedto
theemissionsfrompenguinfaeces.Thisphenomenonsubsequentlyrosetheconcern灢
ingontheturnoverofsaltandtheotherelementsinpenguin.Forexample,Xieand
Sun(2003a)hasreportedfluoridecontentinbonesofAdeliepenguin (Pygoscelis
adeliae)andenvironmentalmaterialsinAntarctica[2].Forthemetabolismofsalt,
physiologistshavelongcontendedthatconsumptionofadietofmarineinvertebrates
imposesahighsaltloadonanimals.Sinceupto90% ofpenguins暞diet,especially
Adeliepenguins暞diet,ismarineinvertebrates,usuallykrill(mostlyEuphausiasu灢
perba;Volkmanetal.1980),penguinhashighsaltloadinthebody[3].Janes(1997)
hasreportedthesoluteconcentrationsinsalt灢glandsecretions,bloodplasma,andu灢
rineofAdeliePenguinadultsandchicksandtheregurgitatedfood,andfoundthat
potassiumrelativelyenrichesinpenguinbodyratherthansodium withalow Na:K
ratiocomparedwithmarinesignals[4].However,uptodatetherearenoreportson
bonesaltofpenguin.Itisknownthatapproximatelyathirdofthetotalbodysalt
contentofman,dogs,andratsispresentintheinorganicportionoftheskeleton[5].
Thebonesaltofpenguinisthusurgenttobeinvestigated.

Thepurposeofthisstudywastolookatandgetthebaselineinformationofthe
storageofsaltinpenguinbone.Thesodiumandpotassiumconcentrationswerede灢
termined.Inordertofigureoutwhethersaltresideinorganicphaseormineralphase
theelectronparamagneticresonance(EPR)techniquewasappliedtoanalysisofthe
contentoforganiccontentinbone.Moreover,synchrotronradiationX灢rayfluores灢
cence(SR灢XRF)approachwasusedtodeterminethemicroscopicdistributionofpo灢
tassiuminthesurfaceandcrosssection.Asskuafrequentlypreyspenguin,the
bones暞saltofskuawasalsoinvestigatedinthisnote.

2暋MaterialsandMethods

2.1暋SampleCollectionandPreparation

DuringtheFifteenthandtheEighteenthChineseAntarcticResearchExpeditions
(December1998灢March1999;December2001灢March2002),freshskeletonsofChin灢
strappenguin(Pygoscelisantarctica)andskua(Catharactamaccormick)onArdley
IslandandfreshskeletonsofGentoopenguin (Pygoscelispapua),Adeliepenguin
(Pygoscelisadeliae)andskua(Catharactamaccormick)aroundtheZhongshanSta灢
tionwerecollected,respectively[6].

Atoolmadeofstainlesssteelandplasticwasusedtocleansofttissuesandblood
fromthesamples.Fatandmarrowinthesampleswereremovedbyextractionwitha
mixtureofchloroformandethanol(v/v,1:1)for12hours.Thesampleswerethen
rinsedwithdeionizedwaterinanultrasoniccleanerseveraltimes,andair灢driedina
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desiccator.BonesampleswerefirstlyscannedbysynchrotronradiationX灢rayfluores灢
cence(SR灢XRF)toobtainthesaltdistributioninthesurfaceandcross灢section.Fi灢
nallythesampleswerecrushedinamortarwithapestleandsievedtoagrainsizeof
200毺m.Eachsamplewasdividedintoseveralsub灢samplesforelectronparamagnetic
resonance(EPR)measuringandchemicalcompositionanalysis.

Fig.1暋ThetypicalnativeEPRsignalspectrumforthebonesofpenguins.

2.2暋ElectronParamagneticResonance (EPR)Spectra

TheEPRspectrawererecordedonaJEOLJESFA200spectrometeroperatingin
theX灢bandattheStructureResearchLaboratoryoftheUniversityofScienceand
TechnologyofChina.Themeasurementswereperformedusingastandardcavity
withacomputer灢interfacedspectrometer.Themicrowavepowerwaskeptconstantat
1mWatroomtemperature,andthemagneticfieldmodulationamplitudewas5G.
Sevensamplesweremeasuredunderthiscondition.Twoadditionalsampleswere
stepwiseheatedinairfromroomtemperatureto200曟.ForinsituX灢bandmeasure灢
ments,ahightemperaturecavitywasused.Aftereachannealingperiodof20minat
theselectedtemperature,thespectrumwasmeasuredatroomtemperature.Themi灢
crowaveandmodulationwere1mWand3.5G,respectively.TheMnOinMgOsam灢
plepositionedinthecavitywasusedforanabsoluteg灢valuecalibration.Eachsample
wascomposedof400mgpowder.

Fig.2暋ChangesintheintensitiesofthenativeEPRsignalinrespondtotheincreaseofheatingtemperature.

2.3暋ChemicalCompositionAnalysis

Powderbonesamplesweredigestedbymulti灢acidinaPtcruciblewithelectric
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heating.Thedigestedsampleswereanalyzedfortraceandmajorelements.Atomic
absorptionspectrophotometry (AAS)(modelPE灢1100,PerkinElmer,USA)was
usedtodetermineK,NaandCa.Precisionandaccuracyofourresultsweremoni灢
toredbyanalyzingstandardswithrealsamplesineverybatchofanalysis.Theanalyt灢
icalmethodsfortheseelements/oxideswerereportedindetailbySunetal.(2000
and2004)andHuangetal.(2009)[7灢9].

Fig.3暋RelationshipfortheconcentrationofNaandKinboneandtheintensityofnativeEPRsignal.

2.4暋SynchrontronRadiationX灢rayFluorescence (SR灢XRF)Analysis

Thepotassiumdistributioninthecross灢sectionwascalculatedbaseduponour
previousresultsreportedbyXieetal.(2003b)[6].Thesurfacedistributionofpotas灢
siumwasdeterminedbySR灢XRFatthesynchrotronradiationmicroprobeXRFex灢
perimentstationofBeijingSynchrotronRadiationFacility(BSRF)inMarch,2004.
ThemethodwassimilartotheonedescribedbyXieetal.(2003b)[6].Inbrief,elec灢
tronenergyis2.2Gev,intensityis40~80mA,theenergyofradiationis4.0~30
keV,theexcitingradiationiswhitelight,andthebeamlineis4W1B.Reflectoris
notused.TheX灢rayirradiationareatouchingthesamplesurfacewasworkingunder
liquidnitrogenandwasplaced4cmawayfromthesampleswithenergyresolutiona灢
bout150~350eVHWFM.Thedeadtimerateofthedetectorwasbetween20~
25%.A2048multichannelanalyzer(MCA)wasusedtorecordandanalyzetheXRF
spectrums.Thesketchmapoftheexperimentalequipmentwasshowninourprevi灢
ousreferences[6,10].

Sampleswereimmobilizedonthesampleplatformabout1meterawayfromthe
adjustableslits.TheanglesbetweentheincidentX灢raybeam,thesampleplaneand
thedetectorwere45and90,respectively.Anopticalmicroscopewasusedtoadjust
thepositionofthesamples.Thesitesfor1灢cmintervalalongalinefromupsideto
downsideofbonewereanalyzed.TheeffectivetimeofX灢rayirradiationwas100sec灢
ondsatroomtemperature.Thequalitativeexperimentdatawasprocessedbysoft灢
wareAXIL.
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Fig.4暋TheratioofK/CaalongalinefromthetoptobottomofbonesurfaceofpenguinrevealedbySR灢XRF.
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3暋ResultsandDiscussion

3.1暋ThecontentsofsodiumandpotassiumandtheratiosofNa/Ca,K/Caand
Na/Kinbone

ThecontentsofsodiumandpotassiumbyweightareshowninTable1.Sodium
rangesfrom0.77%to0.99% with0.82inaverageforpenguin,whichiscomparable
withtheaveragevalueof0.76forskua.Theaveragecontentofpotassiumforpen灢
guinis0.18,almostequaltothethatofskuaaswell.Potassiumisabout4times
lowerthansodiumandshowsconsiderablevariationfrom0.05to0.27amongspecies
withcoefficientvariation(CV)at47.3%,whilesodiumshowsrelativelystablewith
CVvalueof11.3%.TheratiosofNa/CaandK/Cabyweightare0.0332and0.
0079,namely,0.0289and0.0040byEq..BothofNa/CaandK/Caratiosareabout
aquarterhigherthanthevaluesfornormalterrestrialanimals(e.g.,rats)[5],indica灢
tingthesemarineanimalsenrichsodiumandpotassiuminbone.

Table1.暋NativeEPRsignalintensities,g灢values,andchemicalcompositionsofthebonesofAntarctic
birds

Sample
Number Species Bone

Type
Na
(%)

K
(%)

Ca
(%) Na/Ca K/Ca Na/K EPR

Intensity g灢value

AP03 Adelinepenguin
(Pygoscelisadeliae)Wingbone 0.78 0.22 24.5 0.03160.0091 3.48 1150 2.0051

GP01 Gentoopenguin
(Pygoscolispapua)Wingbone 0.99 0.26 29.0 0.03410.0091 3.75 2004 2.0056

GP02 Gentoopenguin
(Pygoscelispapua) Legbone 0.81 0.27 21.3 0.03790.0126 3.00 1289 2.0053

GP05 Chinstrappenguin
(Pygoscelisantarctica)Wingbone 0.77 0.12 24.6 0.03130.0049 6.40 1006 2.0054

GP03 Chinstrappenguin
(Pygoscelisantarctica)Legbone 0.78 0.05 25.9 0.03020.001817.14 745 2.0056

CSK03 Skua(Catharacta
maccormick) Wingbone 0.69 0.11 22.8 0.03020.0049 6.11 706 2.0053

ZSK05 Skua(Catharacta
maccormick) Wingbone 0.83 0.26 22.5 0.03670.0115 3.18 1206 2.0057

Penguin averagevalue 0.82 0.18 25.1 0.03300.0075 6.75
Skua averagevalue 0.76 0.19 22.6 0.03350.0082 4.65

暋暋Thecontentofcalciumisabout24.4%inaverageforpenguinandskua,and
comparabletothevalueofnormaladults暞humanbone[11].Assumingcalciumcontent
inpenguinandskuafreshwetboneisequaltothethatofnormaladultsofratsat
8000mEq.perkilogramreportedbyBergstrometal.(1954)[5].Thecontentsofso灢
diumandpotassiuminfreshwetbonearethusestimatedatabout230and30mEq.
perkilogram.Sodiumisaboutoneandahalfhigherthantheoneinthepenguin
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bloodplasma,whilepotassiumis6timeshigherthanthevalueinbloodplasmare灢
portedbyJanes(1997)[4].Theratioofsodiumtopotassiumrangesfrom3.00to17.
14withtheaveragevalueof5.7,whichisabout5timeshigherthantheratiointhe
buckseawater.Obviously,potassiumismorefavorablethansodiumtoenrichin
bone.Itisthusinferredthattheexchangeprocessbetweenextracellularandintracel灢
lularforpotassium maybedifferentfromsodium.Furtherinvestigationisrequired
tounderstandthismechanism.

3.2暋Therelationshipforsodium,potassiumandorganicmaterialdetectedby
EPR

Itiswellknownthatapproximatelyonethirdofthetotalbodysodiumcontentof
man,dogs,andratsispresentintheskeleton.Originally,KandNaarepresumedto
bemineralconstituents,mainlylocatedinthehydrationlayerofthebonecrystals
andassurface灢bound[5,12].Ithasbeenreportedthatsomeofthecarbonatesharea
monovalentbondwithcalcium,andthatthesecondcarbonatevalencewasoccupied
bysodium,i.e.Ca灢O灢CO2灢Na.However,Bushinskyetal.(2000)recentlyargued
thatwithinbonetheorganicmaterialscontainsthemajorityofthesodiumandpotas灢
siumbylookingatthedifferentratiosofNa/CaandK/Cabetweenoriginalboneand
bonewithoutorganicmaterialremovedbyhydrazine(Hydr)[13].Asthetotalsalt
contentswerefoundtoberelativelyhighinpenguinandskua暞sbone,wefurtherin灢
vestigatedwhetherthesemonovalentionsresidewithinthemineralororganicphases
ofbone.

Commonly,thechemicalreagenthydrazine(Hydr)isusedtoremoveorganic
materialofbone.However,thisreagentistoxic.HerethephysicaltechniqueEPRis
thusappliedtoinvestigatingthecontentoforganicmaterialsinbone,whichisknown
tosignificantcorrelationwiththeintensityofthenativeEPRsignal.

TheX灢bandspectrumofpenguinandskuaexhibitedabroadnativesignalaround
g=2.005withalinewidthapproximately0.8mTatroomtemperature,similarto
thenon灢irradiatedcrushedhumanphalanxes[14].However,thepeaksaroundg=2.
007and1.998forsteadyCO-

2 componentseemedtooverlap.Thetypicalexamplesof
theEPRspectraobservedwerepresentedinFig.1.Thebonesamplesshowedvery
similarEPRspectrashapeandstructurewithoutmarkeddifferencesfromsampleto
sample.However,thesamplespresentedconsiderablevariationsoftheEPRspectral
intensity.Theg灢valueandintensityforeachsamplearelistedinTable1.Theorigin
ofthissignalisgenerallyattributedtotheorganicmatrixofhardtissues[15].Ithas
beenproventhattheEPRparametersofthisnativesignalareindependentoftheab灢
sorbeddose[15].Itsintensitywouldincreasewhenitisheatedwithtemperaturebelow
400曘C[16].

Twopenguinbonesampleswerethusstepwiseheatedinairfromroomtempera灢
tureto200曘C.Aftereachannealingperiodof20minattheselectedtemperature,the
spectrumwasmeasuredatroomtemperature.TheintensityofthenativeEPRsignal
forallheattreatmenttemperatures(HTTs)isshowninFig.2.Below80曘C,thesig灢
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nalintensitywasrelativelyconstant.Afterthatthesignalintensityinbothtissues
linearlyincreasedwiththeheattreatmenttemperature.IncomparisonwiththeChin灢
strappenguinbone,theGentoolpenguinbonehadahigherrateincrease(2.5times)
inintensitypercentigradeincreaseintemperature,andtheintensityreachedabout
5000at200曘C.Sincewedidnothaveasuitablecavityfortemperatureshigherthan
200曘C,itisunclearatwhattemperaturethisincreasingtrend wouldcease.For
HTTsbelow200曘C,thesignalwidthwasaround0.8mTwithasmallvariationofco灢
efficients(lessthan5%).Ourobservationisinagreementwithpreviousreportsfor
toothenamelanddentine[16],andimpliestheroleoforganicmaterialsinthenative
EPRsignal.

Toexaminethepotentialeffectofboneorganicinthevariationofsaltcontentin
bone,thePearsoncorrelationamongK,Na,CaandthenativeEPRsignalintensity
werecalculatedandshowninFig.3.Calciumwasnotfoundtosignificantlycorrelate
withthenativesignal,confirmingthatthissignalisnotmainlycontributedfromthe
mineralsinbone.WhilestrongcorrelationsbetweenK,Naandthenativesignal
wereobserved.TheintensityofEPRshowspositivelinearrelationshipswithboth
NaandKinthebones.AssumingthesignalvalueofEPRiszeroforthelinearequa灢
tionforNaandK,respectively,itisinferredthatalmostallofpotassiumiskept
withintheorganicphases,whileabout30% ofsodium wasstoredinorganicphases
andtheother70% withinmineralphase.

3.3暋Thedistributionofpotassiuminthesurfaceandcross灢sectionofbonerevealed
bySR灢XRF

Thecontentsofsodiuminbonesurfacesampleswereunderdetectionlimitof
SR灢XRFandyieldnodata.Potassium wasdetectedsomewhereonthesurfaceof
GP02samplewithgreatCVof102.9%,indicatingthedistributionwasextremely
heterogeneous.Thehighestpotassiumcontentwasobservedinthemiddlesectionof
surface.TheratioofK/CaalongalinefromthetoptobottomisshowninFig.4,
whichdisplaysdecreasingamountsfrommiddlesectiontowardtheedge.Thereasons
fortheseunhomogenousdistributionsarenotclear.Bushinskyetal.(2000)reported
thattheorganicmaterialhasfixednegativesitesthatnormallyarebondedwithpotas灢
sium[13].Althoughpotassiumislesslikelytoparticipateintheexchangeforcalcium
inthehydroxyapatite灢typeminerallattice,itcanexchangefreelywiththefluidsur灢
roundingbone.ExposureofbonetoalowersystemicpHinvivooracidicmediumin
vitrowillleadtoanegressofbonepotassiuminconjunctionwithanuptakeofhydro灢
genions.GivingthatthepHvaluesinextracellularfluidmaychangewithrespectto
differentspeciesandtheregulationmechanismofpotassiumsubjecttopHchangein
penguinboneissimilartotherats,potassiuminthesurfacebonemaybelostsome灢
whereduetothedisorderofacid灢basebalanceinthebodyandthendisplayunhomo灢
geneousdistribution.

Thepotassiumovercalciumratioprofilesinthecross灢sectionofAdeliepenguin
bonewasshowninFig.5.Onthecross灢sectionoffd灢s1andfd灢s2,theratioincreases
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fromsurfacetomedullarychannel.Onfp灢s1thehighestvalueoccurnearthesurface
andtheratiodecreasingtowardthesurfaceandinterior.Onfp灢s2thetrendofratio
showsalmostflat.Althoughtheprofileshowscomplex,themiddlesectionofcross灢
sectioncomposedofcorticalboneforalloftheprofiledisplaysrelativeconstantratio
ofK/Cawithrelativelowervalues,furtherindicatingfewpotassiumresideinminer灢
alphase.ChangeintheratioofK/Cawasfoundonoraroundexteriorsurfaceorin灢
teriormedullarychannel.Thisimpliesthatexchangeofpotassiumbetweenfluidand
boneorganicphasemayoccurandtheprocessmaymainlyoccuroutsideorinsideof
bone.
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Fig.5暋TherationsofK/Cainthecross灢sectionofpenguinrevealedbySR灢XRF.

4暋Conclusions

暋暋Wehavefoundthatpenguinandskuas暞bonesaltarerelativelyhigher.Incom灢
parisonwithsodium,potassiumismorefavorabletoresideinthebone.Almostall
ofpotassium maykeepwithintheorganicphasesofbone,whileabout30%ofsodi灢
umwasstoredinorganicphasesandtheother70% withinmineralphase.Thisfind灢
ingisinagreementwiththedistributionofsodiumandpotassiuminmiceboneinves灢
tigatedbyhigh灢resolutionion microprobe withsecondaryion massspectroscopy
(SIMS)[13].Themicroscopicdistributionsofpotassiuminthecross灢sectionand/or
surfacedeterminedbysynchrotronradiationX灢rayfluorescence(SR灢XRF)werecom灢
plex.ChangeintheratioofK/Cawasfoundonoraroundexteriorsurfaceorinterior
medullarychannel,implyingthatexchangeofpotassiumbetweenfluidandboneor灢
ganicphasemaymainlyoccuroutsideorinsideofbone.
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